Sixteen spiroplasma isolates, recovered over a 2-year period from symptomatic periwinkle plants (Catharanthus roseus) collected in eight different locations in Syria, were compared with other established Spiroplasma species or serogroups. Serological analysis of selected representatives of the new isolates revealed sharing of some antigenic components with several spiroplasmas currently classified within subgroups of group I of the genus. Strain P40T was selected as the type strain and examined, meeting the criteria proposed by the International Committee on Systematic Bacteriology Subcommittee on the Taxonomy of Mollicufes. The organism was shown to belong to the class Mollicufes by its morphology, ultrastructure of its limiting membrane, colony characteristics, and filtration patterns. The helicity and motility of the cells indicated its placement within the family Spiroplasmafaceae. Although some serological cross-reactions could be observed with representatives of group I subgroups, strain P40T could be readily distinguished from other plant or insect pathogenic spiroplasmas in subgroup 1-1 (Spiroplasma cif7-2'9, subgroup 1-2 ( S . melliferum), or subgroup 1-3 (S. kunkeliq and from spiroplasmas assigned to subgroups 1-4 through 1-7 and groups I1 through XI. Cholesterol was required for growth. Glucose was fermented, and arginine was hydrolyzed. The base composition (guanine plus cytosine) of the deoxyribonucleic acid of strain P40T was found to be 26 mol%. Deoxyribonucleic acid-deoxyribonucleic acid hybridization comparisons between strain P40T and other subgroup I representatives revealed approximately 60% relatedness to S. cifri and S . kunkelii and 50% relatedness to S. mellverum. Experimental transmission of two of the new isolates (P40T and P354) occurred through inoculation of spiroplasma broth cultures into leafhoppers (Macrosfeles fascifrons), multiplication of the organism in the insects, and subsequent transmission of the organism by insect feeding on aster or periwinkle plants. The organism was also successfully recovered from broth cultures of symptomatic tissues of experimentally infected periwinkle plants, thus fulfilling Koch's postulates. We propose that such strains be named Spiroplasma phoeniceum. Strain P40T has been deposited 'in the American Type Culture Collection (= ATCC 43115T) Although many Spiroplasma species have been isolated during the last 10 years from insects and plants, only twoSpiroplasma citri (47), the etiological agent of citrus stubborn disease (38), and S. kunkelii (60), the spiroplasma that causes corn stunt disease (11, 68) -ar e plant pathogenic. Citrus stubborn disease is widespread in the Mediterranean region as a result of the natural dissemination of S. citri by leafhoppers (2, 24). In surveys designed to demonstrate natural transmission of this disease in Syria, 2-month-old, healthy periwinkles (Catharanthus roseus) were exposed during summer months in the vicinity of orchards with high rates of stubborn disease infection. In October, many periwinkles showed symptoms typical of mycoplasma-like organism (MLO) or S. citri infection or both (3). The presence of S . citri was confirmed in these symptomatic plants by two techniques-culturing of the organism in standard liquid medium and the enzyme-linked immunosorbent assay (EIJSA) (2, 6, 48). However, with eight yellowed periwinkles, although spiroplasma cultures were obtained, ELISAs for S . citri were negative. Serological analysis of these isoliates (51) showed that they represented a new subgroup (1-8) of Spiroplasma group I. Strain P40T was chosen as a representative. When a labeled deoxyribonucleic acid * Corresponding author.
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(DNA) probe of this strain was tested against S. citri DNA, a value of 60% homology was obtained, indicating that subgroup 1-8 spiroplasmas, like other group I spiroplasmas, share patterns of partial relatedness. Taxonomic difficulties posed by partial relationships of group I spiroplasma strains (57) were discussed by the International Committee on Systematic Bacteriology Subcommittee on the Taxonomy of Mollicutes (30, 31) . Pending results of studies on new spiroplasmas from insects and plants, a conservative approach to the description of subgroups was recommended. The Subcommittee in 1982 proposed (32) that subgroups might be elevated to species status under certain conditions, as follows: (i) required steps in the minimal-standards document (29) must be fulfilled; (ii) DNA-DNA reassociation between the candidate subgroup and all other subgroups must be demonstrated to be less than 70%; (iii) the ecology of the organism must be studied, and its hosts must be identified; (iv) the subgroup should be of agricultural importance or serve as a basic microbiological model; and (v) the subgroup should represent a cluster of homogeneous strains, as assessed by techniques such as serology and polyacrylamide gel electrophoresis (PAGE). This proposal was prompted by the demonstration of clusters of relative genotypic homogeneity in several mollicute species (46) . Whether a particular set of data fulfilled the conditions was left to the judgment of referees and editors. In this report, we summarize experimental evidence that strain P40T and related strains represent a cluster of spiroplasmas for which the species requirements have been fulfilled, with respect to both the Subcommittee proposal for the elevation of subgroups to species status (32) and the minimal standards for species descriptions of members of the class Mollicutes proposed in 1979 by the Subcommittee (29) . We therefore formally propose that strain P40T and related strains be recognized as a new species in the genus Spiroplasma.
MATERIALS AND METHODS
Plant material. Two-month-old, healthy periwinkle plants (C. roseus) were exposed to natural transmission during various months in 1983 to 1984 at different locations near or within stubborn disease-affected citrus orchards of the Syrian coastal area between Lattaquia and Tartous (see Table  1 ). In October, the periwinkles were examined for symptom expression and were tested by ELISA and culture for the presence of S . citri.
Culture media and cultivation procedures. Strain P40T and other subgroup 1-8 strains were cultivated in M1A (33) or SP-4 (58) medium. For spiroplasma maintenance, cultures were passed every 2 or 3 days as a 10% inoculum added to fresh medium. To isolate organisms from periwinkles (6), we cut leaf midribs into small pieces and soaked them in 3 ml of liquid medium. After 1 h at room temperature, the broth was filtered through 450-nm-pore filters, 0.3 ml of the sterile filtrate was added to 3 ml of penicillin-free M1A or SP-4 medium, and the mixture was incubated at 32°C. After about 10 days, indicator color change was observed, and 0.3 ml of the culture was transferred to 3 ml of fresh medium. Agar colonies of subgroup spiroplasmas were obtained by plating cultures on M1A or SP-4 medium supplemented with 0.8% Noble agar (soft agar) (Difco Laboratories).
Although most spiroplasmas used in comparative tests were cultivated in M1A medium, S . mirum (group V) and strain Y32 (group VI) were grown in SP-4 medium (58).
Sources of other spiroplasmas. Other spiroplasmas were compared with spiroplasma strain P40T. These included S. Biochemical tests. Substrate tests were performed in 1% bovine serum fraction broth by procedures described earlier (1, 16) . Phosphatase activity, film-and-spot reaction, and hemadsorption tests were performed on solid medium (SP-4 broth with 0.8% Noble agar) by previously described techniques (1, 7, 23, 37) .
Serological tests. Hyperimmune antiserum was prepared against strain P40T as described previously (69) . Disk growth inhibition tests (17, 63) were performed with spiroplasmas grown in M1D medium (60) . Antigens grown in broth were usually diluted to about lo5 color-changing units per ml.
Techniques for deformation tests, metabolism inhibition tests, and ELISAs have already been published (48, 49, 67, 69) . Most metabolism inhibition test antigens were prepared from cultures grown for 24 h in SP-4 broth; most test procedures were performed in this medium. However, the metabolism inhibition test antigen for S. kunkelii E275T was from a culture grown in M1A broth, and the test procedures were performed in this medium.
Filtration studies. Broth cultures of strain P40T in SP-4 medium that had been incubated for 4 days at 32°C were passed through a series of membrane filters with graded pore diameters (450, 300, 220, and 100 nm). Each filtrate was diluted in a series of 10-fold dilutions in SP-4 medium, and all tubes were incubated at 32°C. After 7 to 14 days, the tubes were examined for color change. The last dilution in each series that showed helical cells and a color change was noted. The results were expressed in color-changing units per milliliter.
Morphology. Cultures of strain P40T were observed by dark-field microscopy (55) and by electron microscopy after transfer to collodion membranes (25, 26). Thin sections of pelleted organisms were obtained as described previously (47). All plant tissues to be examined by electron microscopy were fixed for 4 h in 2.5% glutaraldehyde in cacodylate buffer, postfixed in 1% osmium tetroxide for 2 h, dehydrated in alcohol, and embedded in Epon 812.
Temperature requirements. Temperature requirements for growth were determined by the incorporation of 32P into nucleic acids of strain P40T (47). A 100-ml quantity of penicillin-free M1A medium containing 500 pCi of 32P was inoculated with 2 ml of an exponentially growing culture. This seeded medium was divided and incubated at 28, 32, and 37°C. The incorporation of 32P into spiroplasma nucleic acids was determined from the radioactivity of the insoluble trichloracetic acid precipitate from 100 pl of culture. A 5-ml quantity of 15% trichloroacetic acid was used, and the precipitate was filtered on glass fiber filters (Whatman GFA) and washed with 20 ml of 10% trichloroacetic acid. Phospholipids were removed with 5 ml of a 50% ethanol-50% ether mixture and then with 5 ml of ether alone. The radioactivity was counted in a scintillation spectrometer (Intertechnique SC30).
Sterol requirements. The direct broth culture method for the cholesterol test was performed as described earlier (45 determination (by buoyant density and melting point) of the guanine-plus-cystosine (G+ C) content (in moles percent) of the DNA of strain P40T have been previously described (9, 10). The two DNA-DNA hybridization techniques (S1 nuclease and hydroxyapatite chromatography) used to assess relatedness between the DNA of strain P40T and the DNAs of all the other strains were as described before (20), except that the hybridization reaction was carried out in the absence of formamide and at 66°C for 16 h. The melting temperature (T,) of the DNA hybrids was determined by the hydroxyapatite technique. The percentage of mismatched base pairs was calculated from the T, by the method of
Hyman et al. (28).
Detection of strain P40T in plants. The ELISA, performed on crude plant extracts by techniques described earlier (48, 49) , was used for the detection of strain P40T in plants infected by grafting with shoots of naturally infected periwinkles.
RESULTS
Pathogenicity of strain P40T for periwinkles exposed in Syria. Many periwinkles were exposed to natural infection, mainly in the summer months of 1983 and 1984 at different locations on the Syrian coast (Table 1) . Of 73 symptomatic periwinkles, 53 (71%) were infected with an MLO (3), 4 (5%) were infected with S . citri, and 16 (22%) were infected with subgroup 1-8 spiroplasmas (P40T and related strains).
Of the 16 isolates, 8 were obtained in 1983 in four different locations (50) . The other eight isolates (from seven different sites) were recovered in 1984; two of these were derived from periwinkles with virescence symptoms (3), and one was derived from a periwinkle with stolbur symptoms (without virescence) (3), indicating that these three plants were prob- Morphological and cultural properties. Primary cultures of strain P40T and 15 other subgroup 1-8 strains were obtained after 8 days in antibiotic-free SP-4 and M1A broth media at 32°C. Cultures examined by dark-field microscopy and by electron microscopy ( Fig. 1 ) contained many long, thin, helical cells. Thin sections revealed, as is typical for the genus (18), only a single unit membrane surrounding the cell (Fig. 2) . During early passages, long intervals were required between transfers (10 days), and electron-microscopic examination revealed many virions of the SpV3 and SpVl types (18). The presence of free virions was associated with the decreased growth rate of strain P40T. When inoculated at a 10% inoculum level every 2 days, strain P40T and other strains eventually grew rapidly and, as the time required for passages declined, virus particles decreased in number or became undetectable. Strain P40T grew optimally in M1A medium at 32°C (Fig.  3) , reaching titers of los to 10" after 4 to 14 days. Little or no growth occurred at 37°C. On solid medium containing 0.8% Noble agar, classical "fried-egg" colonies appeared after 7 days of incubation at 32°C.
Filtration studies. A broth culture of strain P40T containing 108 color-changing units per ml was filtered through a series of graded membrane filters. The numbers of color-changing units per milliliter after filtration through membrane filters with 450-, 300-, and 220-nm-pores were lo8, lo6, and lo6, respectively. The organism did not pass through 100-nmpore filters.
Biochemical and biological properties. Strain P40T fermented glucose and hydrolyzed arginine, the latter response occurring whether or not glucose was present in the medium.
As with both S. citri (54) and other named group I species (16, 47, 60) , when both substrates were present, the medium first became acid but later, as arginine was catabolized, shifted to an alkaline pH. Strain P40T did not hydrolyze urea.
The tests for phosphatase reaction and film-and-spot response were positive. Colonies of strain P40T grown on soft agar hemadsorbed guinea pig erythrocytes.
Sterol requirements. Significant growth of strain P40T was not observed in a serum-free medium or when supplements of albumin, palmitic acid, and Tween 80 were added ( Table  2 ). The addition of cholesterol at levels of 5 to 20 pg/ml to the base medium (D medium, Table 2 ) generally increased the growth of the organisms, indicating a sterol requirement for growth. Serological tests. Serum prepared against the P40T strain 
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Reciprocal of the highest antiserum dilution in which one-half the spiroplasmas are free and motile and one-half are deformed. N, Titer of less than 1:20.
gave a zone of homologous growth inhibition with a diameter of 17 mm. In the heterologous reaction, growth inhibition was observed only with S . citri (Mar0c-R8A2~), S . melliferurn (BC-3T), and S . kunkelii (E275T); the zones of growth inhibition were, respectively 6, 2, and 6 mm ( Table 3 ). The growth of strain P40T was inhibited only by antisera directed against other group I spiroplasmas; however, sera against strain 277F (subgroup 1-4) and strain N525 (subgroup 1-7) failed to produce growth inhibition zones (Table 3) . Metabolism inhibition (Table 4 ) and deformation (Table 5 ) tests gave essentially the same results as growth inhibition, in that only group I spiroplasmas showed serological relatedness with strain P40T. When P40T antiserum was tested against heterologous antigens, S . citri (Mar0c-RgA2~) and strain LB-12 (subgroup 1-5) exhibited the greatest relatedness. When P40T antigens were tested against heterologous antisera, S. melliferum (BC-3T) and strain LB-12 (subgroup 1-5) were found to have the greatest serological relationship with P40T. These data confirm the distinctiveness of strain P40T from all existing groups, subgroups, and species. They demonstrate that strain P40T represents a serological subgroup that is distinguishable from other subgroups of group I, from S . floricola , S . apis , and S , mirum, and from all other currently recognized spiroplasma groups (I1 to XI).
PAGE.
Patterns of strain P40T obtained from onedimensional PAGE of cell proteins (Fig. 4) were significantly different from patterns of the seven other members of group I. The homogeneity of the subgroup 1-8 organisms was assessed by comparing the one-dimensional protein pattern of eight strains. The patterns of six isolates obtained in 1983 (Fig. 5a ) were almost identical, and the patterns of four isolates obtained in 1984 were very similar to that of the P40T isolate from 1983 (Fig. 5b). Genomic analysis. The G + C content, of the DNA of strain P40T was determined from the buoyant density (obtained by equilibrium centrifugation in CsCl in five independent analyses) or from the T m (assayed spectrophotometrically in four experiments). The G + C content was found to be 26 2 1 mol%, as determined from the buoyant density and the Tm. This value is generally characteristic of other group I spiroplasmas (4, 5, 34) .
DNA-DNA hybridizations. Significant hybridization of DNA from strain P40T and DNAs from other members of group I was observed ( Table 6) was observed between the DNA of strain P40T and the IINAs of S . citri Mar0c-R8A2~ (subgroup 1-1) and S . kunkelii E275T (subgroup 1-3). About 50% hybridization was observed between the DNA of strain P40T and that of S. nwZZiferum BC-3T (subgroup 1-2). With the DNAs of representative strains of subgroups 1-4, 1-5, 1-6, and 1-7, percentages of hybridization were smaller. The T,,, of the homologous P40T DNA hybrid was 78.5"C. This value is only 1.5"C lower than the T,,, of the native P40T DNA (SO.O"C), indicating that in the homologous hybrid 98% of the bases are well paired. Compared with the homologous P40T hybrid, the heterologous hybrids had less than 4% mispaired bases and, thus, more than 96% well-paired bases, suggesting that the homologous sequence in the respective DNAs are well con served. Recovery of P40T proteins from graft-inoculated plants. Periwinkles from which strain P40T had been isolated were brought from Syria to Bordeaux, France, and kept in a greenhouse. Shoots from diseased plants were grafted onto healthy periwinkles, and 2 months after grafting, symptoms of yellowing could be detected on the inoculated periwinkle.
Observzitians of plant sieve tubes by electron microscopy revealed large numbers of helical organisms (Fig. 6) . These periwinkles, when tested by an ELISA with specific immunoglobulin G against strain P40T, gave positive results ( Table  7) .
DISCUSSION
The profile of serological cross-reactions between strain P40T and spiroplasmas of group I shows that the new spiroplasma is a member of this complex. In DNA-DNA hybridization tests, strain P40T showed 59 to 66% relatedness when tested against S . citri and S . kunkdii probes and only 52 to 45% relatedness to S. melliferum. Reactions with other group I subgroups were of a significantly lower level. ' Healthy periwinkle graft-inoculated with a plant shoot from a periwinkle Prepared by maceration of 0.3 g of plant leaf tissue per ml.
naturally infected with strain P40T.
the DNA of strain P40T was 26 k 1 mol%, a value consistent with those of nearly all group I spiroplasmas (4). M . fascifrons leafhoppers injected with two strains of an early uncloned passage of strain P40T were able to transmit the spiroplasma to aster and periwinkle plants. These plants developed symptoms similar to those of S . citri infections of aster, and a spiroplasma indistinguishable from subgroup 1-8 organisms could be cultivated from the symptomatic plants. These experiments demonstrate that subgroup 1-8 spiroplasmas are plant pathogens. It is noteworthy that the three spiroplasmas pathogenic for plants, namely, S . citri (citrus stubborn agent), S . kunkelii (corn stunt spiroplasma), and subgroup 1-8 spiroplasmas, are all members of group I. S . melliferum, a pathogen for bees but not plants (13, 16), is also a member of spiroplasma group I and is closely related to the three plant-pathogenic spiroplasmas.
Strain P40T and the other subgroup 1-8 strains have been cultivated from periwinkle plants that became naturally infected at various locations on the Syrian coast. However, the natural vector(s) and the plant reservoir(s) of this new spiroplasma have yet to be identified.
Strain P40T and related spiroplasmas from periwinkles have been shown to be members of the class Mollicutes (22, 27), since they are wall-less procaryotes, are resistant to penicillin, and are filterable through 300-nm-pore membrane filters. They belong to the family Spiroplasmataceae (51, 52) and the genus Spiroplasma (47) because of their helical morphology, growth characteristics, requirement for sterol, and genomic features. We propose that these organisms be designated Spiroplasma phoeniceum sp. nov. The taxonomic description given below summarizes the properties of this organism.
Spiroplasma phoeniceum sp. nov. Spiroplasma phoeniceum (phoe.ni' ce.um. L. neut. adj. Phoeniceus of Phoenice, an ancient country that was located on today's Syrian coast, referring to the geographical origin of the isolates). Chemoorganotroph. Acid produced from glucose. Hydrolyzes arginine. Does not hydrolyze urea. Phosphatase positive. Haemadsorbs guinea pig erythrocytes. Film-and-spot positive. Cholesterol required for growth. Facultative anaerobe. Temperature range, 20 to 37°C; temperature optimum, 28 to 32°C. Isolated from periwinkles that were naturally infected in various locations along the Syrian coastal area. The G+C content of the DNA is 26 k 1 mol%. Type strain: strain P40T (= ATCC 43115T).
